The relationship between cyclic adenosine 3',5'-monophosphate (cyclic AMP) metabolism and the induction of tryptophanase and ,B-galactosidase was studied in several strains of Escherichia coli grown with succinate, acetate, glycerol, or glucose as the carbon source. No consistent relationship between the intracellular concentration of cyclic AMP in the several strains cultured and the various carbon sources was discerned. In E. coli K-12-1 the induction of tryptophanase was found to vary in the order: succinate > acetate >> glycerol ZO glucose, and that of ,B-galactosidase was found in the order: glycerol > acetate > succinate > glucose. Rate of accumulation of cyclic AMP in the culture filtrate was in the order: succinate > acetate > glycerol > glucose. The addition of glycerol to E. coli K-12-1 grown in acetate caused inhibition of tryptophanase and slight inhibition of accumulation of extracellular cyclic AMP. These same conditions caused ,8-galactosidase induction to be stimulated. The addition of exogenous cyclic AMP to cultures grown with four different carbon sources had an effect characteristic for each of the two enzymes studied as well as each individual carbon source. The results suggest that there are control elements distinct from cyclic AMP and its receptor protein which respond to the catabolic situation of the cell.
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The enzyme tryptophanase catalyzes the degradation of tryptophan to indole, ammonia, and pyruvate (23) . The enzyme is found in a variety of bacteria, all of which are among the normal flora of the gut (14) . In Escherichia coli the enzyme is induced by tryptophan, and the induction of the activity is sensitive to both permanent and transient catabolite repression (21, 27) . It has been proposed that cyclic adenosine 3',5'-monophosphate (cyclic AMP) mediates these catabolic effects on tryptophanase induction as with other inducible enzymes (29, 30) .
The physiological and ecological significance of tryptophanase has been questioned (7) . In conjunction with an investigation as to the significance of tryptophanase, the role of cyclic AMP in the induction of the enzyme in cells grown with a variety of carbon sources was examined.
In the context of this paper, catabolic effects will refer to permanent catabolite repression and transient catabolite repression in their broadest sense; that is, permanent catabolite repression refers to the apparent inhibition of enzyme synthesis as a consequence of a single carbon source affording growth. Transient catabolite repression refers to the apparent inhibition of enzyme synthesis as a consequence of the addition of a second carbon source to cells without regard to the duration of this inhibition.
From the results reported here, it appears that tryptophanase induction is markedly affected by the carbon source(s) available to the cell and that this is not necessarily a consequence of either the intracellular concentration of cyclic AMP or the ability of the cell to accumulate cyclic AMP. Furthermore, some catabolic conditions affect tryptophanase induction very differently from ,8-galactosidase induction, precluding a single common regulatory element mediating all the catabolic effects observed for both enzymes.
CYCLIC AMP AND TRYPTOPHANASE 381 0.1% vitamin-free Casamino Acids (Difco) as described previously (7) . This concentration of Casamino Acids does not cause any apparent inhibition of induction of either tryptophanase or ,B-galactosidase relative to controls without the supplement. There (9) . It was found that this binding protein from beef kidney adsorbs well to hydroxylapatite (9) . When hydroxylapatite was used, the binding assays were terminated by the addition of 100 Ml of a 1 to 5 (vol/vol) slurry of hydroxylapatite equilibrated in 0.02 M potassium phosphate buffer (pH 6.0) and allowed to stand 2 min, and then 1 ml of the wash buffer (0.02 M potassium phosphate, pH 6) was added. Tubes were then allowed to stand an additional 2 min. The contents of each tube were then rapidly collected on a filter (Millipore, HAWP or HAMK, or Gelman, GN-6) and washed with 10 ml of wash buffer. The filters were dried, and the radioactivity bound was determined by conventional liquid scintillation counting techniques.
It was found that the crude preparation of the CRate of increase in tryptophanase activity is expressed as increase in specific activity/minute during the interval 20 to 40 min after addition of inducers.
' Specific activity of tryptophanase at 40 min after addition of inducers. e For these values, the rate is greater when glucose has been added than for the control. However, the speciflc activity at 40 min is less than for control. In these samples, the addition of glucose had a very severe inhibitory effect initially.
results are in agreement with those of Wayne and Rosen and extend their results to two additional carbon sources and two more strains of E. coli. (If we assume the volume of a cell to [10] [11] [12] (29, 30) . As has been pointed out (6), these effects have been most thoroughly investigated in the case of ,-galactosidase induction.
The effects of exogenous cyclic AMP on the induction of tryptophanase and ,B-galactosidase were compared. The results from an initial experiment involving three carbon sources (glucose, glycerol, and succinate) are shown in Table 4 . The values reported here are simply the specific activities of the two enzymes 30 This experiment was expanded to include more levels of exogenous cyclic AMP and an additional carbon source, acetate (Fig. 2) . The values were calculated from the increase in specific activity during the interval 20 to (Fig. 3) show that the addition of acetate or glucose to cells growing initially with glycerol as carbon source causes a decrease in the accumulation of cyclic AMP. In the case of the addition of acetate, this decrease in cyclic AMP accumulation is accompanied by a decrease in the growth of the culture as well and may not be a direct consequence of the addition of the second carbon source. In the case of the addition of glycerol to cultures growing with acetate, initially the decrease in accumulation of cyclic AMP is not great-certainly not great enough to account for the almost complete inhibition of tryptophanase induction. As expected, the addition of glucose to cultures growing with acetate or glycerol as carbon source causes a severe inhibition of cyclic AMP accumulation. (Table 5 ). The addition of cyclic AMP under these same conditions does stimulate induction of ,B-galactosidase. These data suggest that the apparent catabolic effects are not due to depletion of intracellular cyclic AMP. These data show also a difference in the response of the induction of the two enzymes to certain catabolic conditions.
As has been shown previously, exogenous cyclic AMP can not overcome the transient catabolite repression of tryptophanase caused by the addition of pyruvate to cultures grown withi glycerol as carbon source (7). Under these conditions, the addition of exogenous cyclic AMP does overcome the transient repression of ,-galactosidase induction. The data presented here extend this observation to another combination of carbon sources.
Inducer exclusion and catabolic effects. A priori inducer exclusion was not considered to be a critical factor in these experiments (17 (FIG. 4) . Therefore it seems doubtful that the observed catabolic effects are due to any exclusion of tryptophan since these same effects are noted even when induction is not dependent on presence of inducer. However, a definitive answer awaits isolation of the appropriate constituitive tryptophanase mutant.
Differential effect of glucose analogues on induction of tryptophanase and ,B-galactosidase. It was hoped that glucose analogues might be used to isolate constituitive tryptophanase producers (13) . However, in an experiment to test this possibility, it was found that neither a-methyl glucose nor 2-deoxyglucose is nearly as effective an inhibitor of tryptophanase induction as a comparable concentration of glucose, at least for E. coli K-12-1. ,-galactosidase induction, in contrast, is very effectively inhibited by both analogues (Table 7) . In this context, these data again show the differential effect of certain catabolic conditions on the induction of the two enzymes.
Effect of cyclic AMP and cyclic GMP on induction of typtophanae and ,Sgalacto. sidase. It has been reported that cyclic guanosine 3',5'-monophosphate (cyclic GMP) inhibits induction of ,-galactosidase as a consequence of competing with cyclic AMP for the cyclic AMP receptor protein (3, 4) . An experiment was run to determine if cyclic GMP had a similar effect on tryptophanase induction. The data in Table 8 show that cyclic GMP has a comparable effect on the induction of both enzymes.
DISCUSSION
The data presented here suggest that the current model for the role of cyclic AMP in mediation of catabolic effects on enzyme induction should include additional regulatory elements. There is ample evidence that cyclic AMP and its receptor protein are required for in vitro transcription of inducible enzymes using purified components (3, 26) . Similar results have been obtained using the less well-defined conditions of coupled transcription and translation (44) . However, at least in the case of the gal operon, certain anomalies are apparent (34) .
The role of the cyclic AMP receptor protein (CRP) in promotion of transcription can be filled by other proteins. Alt mutants (37) which lack either a functional cya or a crp gene can still be induced for , 8- (2, 42, 43) , and it is possible that its conformation could be altered in response to molecules other than cyclic AMP and its analogues. It can be assumed that different operons have nonidentical promoter regions with promoter-CRP interactions unique for each region. There is evidence that the CRP is of variable activity depending on the growth conditions (2) . Alternatively there could be additional regulatory proteins involved in promoter interactions analogous to the CRP but responding to other regulatory signals.
From the data presented here it is apparent that any model for the mediation of catabolic effects on enzyme induction must account for the synthesis rather than intracellular accumulation of cyclic AMP. In addition, there is evidence that the transport of catabolites rather than subsequent metabolism of these compounds is critical in mediation of various catabolic effects on enzyme induction (24, 27, 40) .
